The myogenic response of small arteries and arterioles has been shown to contribute significantly to autoregulation in different vascular beds. It is characterized by a constriction of the vessel after an increase of transmural pressure and a dilation of the vessel after a decrease of transmural pressure. This review examines the evidence for the mechanisms of the myogenic response, with the aim of distinguishing between facts and hypotheses. It appears to be established that the myogenic response is stimulated by an alteration of vessel wall tension, that it does not require the presence of the endothelium and, for pressure increases, that it is accompanied by a membrane depolarization and an increase of the intracellular Ca 2 + concentration, which depends largely on an influx of extracellular calcium via voltage-operated calcium channels. Under in vitro conditions, it may further be considered an established fact that the myogenic response can be modulated by transmitters, like noradrenaline, and factors released from the endothelium upon its activation. In contrast, many other aspects of the myogenic response remain hypothetical. Thus, the mechanism of the depolarization, its importance for the development of the myogenic response, the participation of other pathways for calcium influx, and the role of an intracellular calcium release in the myogenic response are still under debate. Furthermore, the participation of a variety of intracellular second messenger systems in the myogenic response, i.e. inositol trisphosphate, diacylglycerol, phospholipase A 2 , protein kinase C or 20-hydroxyeicosatetraenoic acid, is still unclear. Additionally, the roles of the pulsatility of the blood pressure and of remote signals from neighbouring vessel segments as well as of different metabolites are not clarified. This review suggests that while the primary mechanisms of the myogenic response are well understood, the details of the signalling pathways are still undefined. The clinical significance of the myogenic response remains to be determined.
INTRODUCTION
In many organs, blood flow is held at a relatively constant level even during large changes in perfusion pressure. This autoregulation of blood flow is one of the most important mechanisms allowing the blood perfusion of a certain organ to be matched with its metabolic demand, despite variations in blood pressure. It has been proposed that autoregulation is achieved by several mechanisms, namely by metabolic control (i.e. metabolic factors act on the vessel to regulate blood flow), tissue pressure control (i.e. interstitial pressure interacts with perfusion pressure to regulate blood flow) and myogenic control (i.e. perfusion pressure acts on the vessel to regulate blood flow). Although the degree of participation of these mechanisms in autoregulatory responses varies in different vascular beds, it has been suggested that myogenic control, also termed myogenic response, contributes Figure 1 The myogenic response of a small artery (A) Example of the behaviour of vessel diameter of a rat tail small artery after elevation of the transmural pressure from 10 to 180 mmHg. In the low-pressure range (10-40 mmHg), the vessel diameter increased due to the passive distension of the vessel. At higher transmural pressures (60-160 mmHg) active myogenic responses are seen, which result in a decrease of vessel diameter. At very high transmural pressures an increase in vessel diameter was often observed, which indicates a loss of myogenic activity due to damage of the vessel wall. (B) Summarized data of the behaviour of vessel diameter after elevation of the transmural pressure from 10 to 180 mmHg. Open circles (upper curve) show the reaction of vessel diameter in a calcium-free solution, i.e. the passive vessel response. Closed circles (lower curve) show the reaction of vessel diameter in physiological saline with 1.6 mM calcium, i.e. the active myogenic response.
significantly to autoregulation in, for example, the mesenteric, skeletal muscle, cerebral, renal and coronary circulation, as reviewed previously [1] [2] [3] [4] . The myogenic response, first described by Bayliss in 1902 [5] , is characterized by a decrease in vessel diameter after an increase of transmural pressure, and by an increase in vessel diameter after a decrease of transmural pressure (for an example of the myogenic response, see Figure 1 ).
It is necessary first to comment briefly on the methods used to study the myogenic response. Such investigations have been performed on in vitro isometric and isobaric vessel preparations, on vessel networks in in vitro organ preparations and on vessel networks in vivo. Although the ultimate goal is to understand the role of the myogenic response under physiological in vivo conditions, the complexity of the in vivo situation prevents clear-cut interpretations under these conditions. Thus, it is of great advantage to work with an in vitro model that is as simple as possible. Of course, the extrapolation of in vitro findings to in vivo behaviour of the vessel or even of a whole vessel network is possible only with great caution. However, a clear understanding of the in vitro behaviour of the vessel must be the basis for the interpretation of data from in vivo experiments, where additional influences caused by blood flow as well as neural and humoral factors must be considered. Furthermore, recent reports showed the existence of considerable differences between data obtained from different in vitro vessel preparations, namely from the classical isometric compared with the more physiological isobaric vessel preparations [6] [7] [8] . In conclusion, in order to present information about the mechanisms of the myogenic response that is as clear as possible at the current state of knowledge, this review will be limited mainly to findings obtained with in vitro isobaric vessel preparations.
Despite its advantages, the use of the relatively simple in vitro isobaric vessel preparation has its limitations. Thus, in experiments investigating the role of specific mechanisms (i.e. intracellular second messengers or signal transduction pathways) in the myogenic response, conclusions are often drawn with use of experimental protocols designed to check whether or not inhibitors of these mechanisms result in an altered strength of the myogenic response. However, in many cases the inhibition of putative myogenic response mechanisms alters the level of the basal tone. In most cases it is impossible to decide whether an altered vessel diameter reaction after a pressure step is caused by the inhibition of the putative myogenic response mechanisms, or by some non-specific changes in vessel contractility due to the alteration of the basal tone. Thus, data based solely on vessel diameter reactions should be considered only as preliminary evidence for the role of a certain mechanism in the myogenic response. Ultimately, the dependence of the activity of the investigated second messenger or signal transduction pathway on transmural pressure has to be determined. Additionally, considering the well-known heterogeneity of the contractile behaviour of vessels from different vascular beds, it should be kept in mind that many of the findings concerning myogenic response mechanisms have been reported only from one or a few vessel preparations. In conclusion, when studies investigating myogenic response mechanisms are based only on vessel diameter reactions and are obtained from only a few different vessels, it is too early to make comparative evaluations or generalizations.
In view of the fundamental importance of the myogenic response for blood flow autoregulation, an understanding of the underlying mechanisms is potentially of great significance. Therefore, a number of studies have addressed the role of the myogenic response in animal models investigating pregnancy [9] , ischaemia and reperfusion [10] , diabetes [11] and hypertension (see below). However, as further described below, the role of the myogenic response in these situations remains unclear. Thus, there are not enough data at the moment to understand the clinical significance of changes of the myogenic response. Therefore, the present review will be focused on the mechanisms of the myogenic response.
THE MYOGENIC RESPONSE
A myogenic response has been found in a variety of vessels including small veins (for example, see [12] [13] [14] [15] ). However, the myogenic response in veins is relatively weak and not well investigated, and will not be included in this review. In contrast, many studies have investigated the myogenic response of small arteries and arterioles, which are important for the regulation of blood pressure and of blood flow distribution to different organs. The phenomenological properties of the myogenic response in these vessels are well established. Thus, the strength of the myogenic response depends on the diameter of small arteries and arterioles. Larger and very small vessels possess a relatively weak myogenic response, while vessels of intermediate diameter have the largest myogenic response. This was shown in in vitro investigations of the vascular bed of rat mesenteric arteries [16] , rat skeletal muscle arteries [17] , rabbit renal arteries and arterioles [18] , pig coronary arteries and arterioles [19] , human coronary small arteries [20] , human pial small arteries [21] and arterioles of the hamster cheek pouch [22] (see also discussion of this topic in the latter article). Furthermore, the strength of the myogenic response varies in different vascular beds. Thus, it was shown that rat small mesenteric vessels have a weak myogenic response, whereas a strong myogenic response was observed in similar sized cerebral [23] and skeletal muscle [24] vessels. Differences in the strength of the myogenic response between vessels with similar diameter were also observed within one vascular bed. For example, there was a weak myogenic response in subendocardial but a strong myogenic response in subepicardial porcine arteries [25] . In conclusion, it is well established that the myogenic response exists in a wide variety of small arteries and arterioles from different vascular beds, but the strength of the myogenic response varies considerably.
One of the first questions addressed in studies of the myogenic response was how the myogenic response is initiated. The vessel wall of small arteries and arterioles is exposed to the constant influence of transmural pressure.
It has been suggested that a pressure-induced alteration of vessel wall tension, and not the pressure-induced change in cell length or the pressure itself, is the stimulus for the myogenic response [1] . According to this model, the vessel diameter constriction, seen as the result of the myogenic response after a pressure increase, leads to a reduction in vessel wall tension. Consequently, the stimulus of the myogenic response, the vessel wall tension, is attenuated during the myogenic response by a negative feedback, which limits myogenic vessel constriction. This hypothesis has obtained strong support from a study showing that vessel reactivity to agonists depends on the accompanying changes in vessel wall tension. Increases in vessel wall tension during agonist stimulation in isometric vessel preparations lead to increases in agonist sensitivity (positive feedback) and decreases in vessel wall tension during agonist stimulation in isobaric vessel preparations lead to decreases in agonist sensitivity (negative feedback) [26] . Additionally, it has been shown that the intracellular calcium concentration and the level of myosin light chain (MLC) phosphorylation, two events suggested to be involved in the myogenic response (see below), are significantly correlated with vessel wall tension and not with vessel diameter [27] . Thus, there is compelling evidence that the stimulus for the myogenic response is most probably an alteration in wall tension of the vessel.
There exist several hypotheses about the sensor element which detects this stimulus and initiates the myogenic response. Thus, stretch-activated cation channels [28] are discussed frequently, as are voltagedependent calcium channels [29] , the extracellular matrix and the cytoskeleton [30] . However, direct experimental evidence proving the role of stretch-activated cation channels is still lacking (see below). Furthermore, the proposed role of the extracellular matrix and the cytoskeleton has been challenged [31] , and the recently suggested role of voltage-dependent calcium channels [29] needs to be confirmed in other vessel preparations.
In conclusion, vessel wall tension seems to be the stimulus for the myogenic response, but the sensor element that detects this stimulus is unknown.
Classically, the vessel wall consists of three major cell elements, namely endothelial cells, smooth muscle cells and nerve endings in the adventitia, and all three cell elements are exposed to the influence of transmural pressure. However, not all of them seem to participate in the myogenic response. Thus, after elimination of a tonic nervous influence on the vessel by blocking nerve endings in the adventitia (with use of tetrodotoxin and phentolamine [32] , tetrodotoxin and phenoxybenzamine, propranolol and atropine [33] or 6-hydroxydopamine [34] ), no alteration of the myogenic response was observed. Likewise, the role of the endothelium was tested by observing the effects of its removal. Contradictory results were initially obtained : several studies showed that endothelium removal altered the myogenic response, while others demonstrated no influence of the endothelium on the myogenic response (for a review, see [35] ). However, a critical analysis of the literature in the review [35] revealed that data supporting a role of the endothelium in the myogenic response were obtained after chemical removal of the endothelium, whereas with mechanical methods of removal a participation of the endothelium was not seen. Exceptions were cerebral and renal arteries [36, 37] , but it was later shown in renal vessels that some of the mechanical methods were inappropriate, and after using mechanical rubbing to remove the endothelium no endothelial influence on the myogenic response was found [38] . However, in cat cerebral vessels the endothelium does seem to play a role in the myogenic response, because the perfusate from an endothelium-intact, myogenically active vessel segment restored the myogenic response in an endotheliumdenuded vessel [36] . In contrast, in rat cerebral arteries the myogenic response in intact vessels was smaller compared with endothelium-denuded vessels, and this effect was suggested to be due to the basal nitric oxide release in the intact vessels [39] . Nevertheless, in almost all vessels investigated so far the endothelium is not involved in the myogenic response. In conclusion, it seems to be established that the myogenic response depends mainly on the reaction of the smooth muscle cells in the vessel wall of small arteries and arterioles, and not on either the nerves or the endothelium.
MEMBRANE DEPOLARIZATION
It has been established that an increase in transmural pressure produces a membrane depolarization of the smooth muscle cells (Figure 2 ). This has been shown in cat cerebral arteries in the range 0 to 150 mmHg [32] , rat middle cerebral arteries (0-160 mmHg) [40] , rat posterior cerebral arteries (10-100 mmHg) [41] , rabbit cerebral arteries (20-80 mmHg) [42] , dog renal small arteries (20-120 mmHg) [43] , dog ileum arteries (40-160 mmHg) [44] and rat mesenteric arteries (10-120 mmHg) [45] . The pressure-induced membrane depolarization was always accompanied by a contraction of the vessel, i.e. by a myogenic response. At present, experimental evidence of the mechanism responsible for the pressure-induced membrane depolarization is not available. Nevertheless, several hypotheses based on indirect evidence have been suggested.
Stretch-activated channels
The first hypothesis states that the membrane depolarization accompanying the myogenic response is caused by an activation of stretch-activated cation channels, which results in an increase of the inward current of the smooth muscle cells. Stretch-activated cation channels, which change their activity in response to an alteration of membrane stretch, have been found in vascular smooth muscle cells [28, 46] . Using the patchclamp technique in isolated single smooth muscle cells from porcine coronary artery, stretch was shown not to influence the activity of calcium and calcium-activated potassium channels, but to activate non-selective cation channels passing Na + , K + and Ca# + ions, which produced a membrane depolarization of these cells [28] . Such stretch-activated cation currents were subsequently shown to appear after cell inflation in small mesenteric arteries, which were inhibited by extracellular calcium in the physiological range with an IC &! of 0.9 mM and by extracellular gadolinium with an IC &! of 14 µM. Further, it was shown in the same study that these currents are carried mainly by Na + ions under physiological conditions and can induce a depolarization of these cells, which is inhibited by gadolinium [46] . However, the allocation of an important role for stretch-activated cation channels in the pressure-induced membrane depolarization is complicated by the fact that patchclamp experiments showed that voltage-dependent calcium channels in rat cerebral small arteries [29] , and also calcium-activated potassium channels in rabbit superior mesenteric [47] and pulmonary arteries [48] , can be activated by pressure. The significance of these patchclamp data must be interpreted with caution, because the stretch or pressure stimulus was applied on isolated cells, and no evidence was provided that this stimulus really mimics the wall tension stimulus initiating the myogenic response, or that it was in the range experienced by these channels in the intact vessel. Furthermore, there is the problem of explaining a sustained membrane depolarization after a pressure elevation by a nonsustained change of smooth muscle cell stretch, which first increases during the initial increase in vessel diameter, but then decreases, often even below the initial level, during the myogenic constriction of the vessel.
Finally, direct experimental evidence from an intact vessel preparation, which supports the role of stretch-activated cation channels in the membrane depolarization accompanying the myogenic response, has not been presented. This is mainly because a specific blocker of this channel (even gadolinium [49] ), necessary for the required experiments on intact vessel preparations, is still lacking. Moreover, data from experiments on intact vessel preparations showed that Na + ions are not necessary for the myogenic response. The myogenic response in rat skeletal and mesenteric small arteries [50] and the myogenic tone in rat cerebral small arteries [51] is preserved in lowsodium extracellular solution, a finding in sharp contrast to a role of Na + ions as the main charge carrier through stretch-activated cation channels. In conclusion, although the discovery of stretch-activated cation channels in isolated smooth muscle cells is often quoted as evidence for a role of stretch-activated cation channels in the myogenic response, methodological limitations of the patch-clamp approach and lack of functional evidence remain.
Calcium-activated potassium channels
The second hypothesis states that the membrane depolarization accompanying the myogenic response is caused by an inhibition of calcium-activated potassium channels, which results in a decrease of the outward current of the smooth muscle cells. This hypothesis is supported by the observation on rat mesenteric arteries that the noradrenaline-facilitated myogenic response and the accompanying membrane depolarization between 10 and 120 mmHg were reduced considerably after complete and specific blockade of the calcium-activated potassium channel by charybdotoxin [45] . However, in contrast to these findings, it was shown in rabbit cerebral arteries that the effect of charybdotoxin on vessel diameter and membrane potential was small at 10 mmHg and large at 75 mmHg [52] . Additionally, in rat cerebral arteries another specific blocker of these channels, iberiotoxin, increased the strength of the myogenic response between 20 and 100 mmHg [53] . Thus, an alternative hypothesis was developed [52, 53] , which suggests that the membrane depolarization accompanying the myogenic response leads to a calciumchannel-mediated increase of the intracellular calcium concentration with a subsequent elevation of the frequency of calcium spark events released from the sarcoplasmic reticulum. These calcium sparks activate calcium-activated potassium channels, which produce a membrane hyperpolarization and closure of calcium channels serving as a negative feedback to limit calcium influx. In addition to the data presented so far, it was shown in rat skeletal muscle small arteries that tetraethylammonium at a low concentration (which is relatively specific for calcium-activated potassium channels) did not alter the myogenic response between 40 and 100 mmHg [50] . Additional complexity for the determination of the role of calcium-activated potassium channels in the myogenic response arises from the observation in patch-clamp studies that these channels are activated by an increase in membrane stretch in smooth muscle cells [47, 48] . At present, the number of studies of the role of calcium-activated potassium channels in the myogenic response is too small to explain the contradictory results presented in the literature. However, the recently observed multitude of intracellular factors regulating the activity of this channel, e.g. its activation by protein kinases A and G and its inhibition by protein kinase C (PKC) and protons [54] [55] [56] [57] , could explain a variable role of this channel in the myogenic response in different vessels, if in these vessels one of the mechanisms regulating the activity of this channel predominates. In conclusion, although functional data obtained from intact vessel preparations on the role of calcium-activated potassium channels in the myogenic response exist, the contradictory nature of these data raises doubts about this hypothesis.
Chloride channels
The third hypothesis states that the membrane depolarization accompanying the myogenic response is caused by an activation of chloride channels, which results in an increase of the inward current of the smooth muscle cells. This hypothesis is based on recent findings in rat cerebral small arteries, where some chloride channel blockers were shown to have no effect on vessel diameter and membrane potential at 20 mmHg, but a large effect at 80 mmHg [51] . These data have been interpreted to demonstrate that the myogenic response is accompanied by an activation of chloride channels, and according to the potency of action of the chloride channel blockers on the myogenic tone, a calcium-independent chloride channel was suggested to be involved in the myogenic response. Indeed, recently the first description of a volume-regulated chloride channel in vascular smooth muscle cells has been published [58] . However, a general problem with chloride channel blockers is their nonspecificity. These non-specific effects require careful control experiments in order not to misinterpret the data [59, 60] . Thus, the blocker used in one of the studies [51] is also a potent calcium channel blocker [60] , which could explain, at least in part, its effect on vessel diameter. Additionally, confirmation of this observation from other small arteries, especially from experiments showing the effect of chloride channel blockers on the response of vessel diameter and membrane potential to changes in transmural pressure, is lacking.
Calcium channels
It should also be considered that the membrane depolarization accompanying the myogenic response could be caused by an activation of calcium channels, which results in an increase of the inward current of the smooth muscle cells. This hypothesis is supported by patch-clamp experiments showing that in rat cerebral small arteries voltage-dependent calcium currents can be stimulated by membrane stretch [29] . However, in rabbit cerebral arteries [42] and rat posterior cerebral arteries [41] it was demonstrated that after the complete blockade of calcium channels an increase of the transmural pressure produced an unaltered membrane depolarization but no accompanying myogenic response [42] . These data suggest first that a calcium influx through calcium channels is not responsible for the membrane depolarization accompanying the myogenic response, at least in rabbit cerebral arteries, where the putatively depolarizing inward calcium current is suggested to be neutralized by a hyperpolarizing outward calciumactivated potassium current [42] . Second, these data demonstrate that a calcium influx through calcium channels is essential for the myogenic response, whereas a membrane depolarization is not in itself sufficient to produce a myogenic response. Additionally, it was shown that in a high-potassium solution, which presumably clamps the membrane potential, myogenic responses between 30 and 70 mmHg are still observed, although of smaller amplitude [29] . Therefore, a membrane depolarization does not seem to be the only link between a change in transmural pressure and the myogenic response. In conclusion, calcium channels obviously do not play an important role in the membrane depolarization accompanying the myogenic response. Their prominent role in the calcium influx accompanying the myogenic response is discussed below.
In summary, it is well established that the myogenic response is accompanied by a membrane depolarization. The mechanism of the depolarization and its importance for the development of the myogenic response are still under debate. [27] , rat renal afferent arterioles (80-120 mmHg) [62] , rat skeletal muscle arteries (40-100 mmHg) [63] , rat mesenteric arteries (20-100 mmHg) [64] , rat posterior cerebral arteries (10-100 mmHg) [41] , hamster skeletal muscle arterioles (45-110 mmHg) [65] and hamster cheek pouch arterioles (40-140 cm.H # O) [66] . It is the increase of the intracellular calcium in the smooth muscle cells which seems to be most important for the myogenic response : in rat cremaster muscle arterioles endothelium removal did not alter the calcium response of the vessel in response to a pressure step [61] and the endothelial calcium concentration did not change in response to a pressure step [67] . Further, in the endothelium of rat renal afferent arterioles an increase of the intracellular calcium was observed after a pressure step, which cannot induce the myogenic response but rather would attenuate it due to the release of vasodilating substances [62] .
INTRACELLULAR Ca
It has recently been demonstrated that in rat posterior cerebral arteries the change in the intracellular calcium concentration induced by pressure and extracellular potassium showed a similar dependence on membrane potential, and it was concluded that, at least in these vessels, only the membrane potential determines the intracellular calcium concentration during the myogenic response [41] . The cause of the observed increase of the intracellular Ca# + concentration in the smooth muscle cells may be either a calcium influx from the extracellular space or a calcium release from intracellular stores. The involvement of both processes in the myogenic response has been tested.
The role of calcium release from intracellular stores in the myogenic response was investigated with the use of ryanodine, a substance known to empty intracellular calcium stores. Ryanodine did not alter the amplitude of the myogenic response in rat cerebral arteries between 30 and 70 mmHg [29] or in rat skeletal muscle arteries between 40 and 100 mmHg [68] . In the latter study, however, ryanodine was shown to reduce the rate of development of the myogenic response between 40 and 100 mmHg. Therefore, although calcium release from intracellular stores does not seem to play a leading role in the myogenic response, some involvement cannot be ruled out categorically.
The role of calcium influx from the extracellular space in the myogenic response was investigated by removal of the extracellular calcium. A complete inhibition of the myogenic response was observed in rat posterior cerebral arteries (10-125 mmHg) [33] , dog renal arteries (80-160 mmHg) [69] , rat saphenous arteries (5-205 mmHg) [34] , rat coronary arteries (10-100 mmHg) [70] , rat cremaster arterioles (70-100 mmHg) [71] , rat skeletal muscle small arteries (100-150 mmHg) [72] , porcine terminal mesenteric arteries of young animals (0-100 mmHg) [73] , human cerebral small arteries (10-90 mmHg) [74] and human pial small arteries (10-120 mmHg) [21] . Additionally, removal of the extracellular calcium in rat cremaster arterioles has been shown to prevent the pressure-induced increase of the intracellular Ca# + concentration in the range 10-170 mmHg and the increase of the degree of phosphorylation of the 20-kDa regulatory MLC [27] . Removal of the extracellular calcium also abolished the pressure-induced increase of the intracellular Ca# + concentration in rat cerebral arteries in the range 10 to 100 mmHg [41] . Further, in rat skeletal small arteries a reduction of extracellular calcium to 0.2-0.4 mM did not alter the myogenic response between 80 and 140 mmHg [75] , but in cat cerebral arteries an attenuation of the pressureinduced membrane depolarization was shown with low extracellular calcium at 0 to 150 mmHg [32] . In conclusion, it has been established that extracellular calcium is necessary for the myogenic response.
It is still not completely understood which pathways allow the extracellular calcium to enter the smooth muscle cell during the myogenic response. The observation that a membrane depolarization accompanies the myogenic response led to the hypothesis that calcium is entering the cell via potential-operated calcium channels, which may be opened by the above-mentioned membrane depolarization or directly by membrane stretch [29] . Strong evidence supporting this hypothesis was obtained from several vessel preparations, where blockers of potential-operated calcium channels inhibited the myogenic response in rat skeletal muscle arteries at 40-100 mmHg [68] and 100-150 mmHg [72] , dog renal small arteries (20-120 mmHg) [43] , rabbit cerebral arteries (10-90 mmHg) [42] , rat posterior cerebral arteries (10-80 mmHg) [29] , rat mesenteric arteries (20-100 mmHg) [76] and rat tail small arteries (80-120 mmHg) [77] . Furthermore, in rat skeletal muscle arteries (at 40-100 mmHg) [63] , rat mesenteric arteries (20-100 mmHg) [64] and rat posterior cerebral arteries (10-100 mmHg) [41] , a blocker of voltage-dependent calcium channels was shown to inhibit not only the myogenic response but also the increase in intracellular calcium concentration. The latter data show that, at least in these three vessel preparations, during the myogenic response the membrane potential acts only on voltagedependent calcium channels to produce a change in the intracellular Ca# + concentration. Additionally, in rat mesenteric arteries, which have a relatively weak myogenic response, it was reported that Bay K 8644, a specific opener of potential-operated calcium channels, was able to increase the strength of the myogenic response in the range 20 to 100 mmHg [76] . In conclusion, the participation of voltage-operated calcium channels in the calcium influx accompanying the myogenic response can be considered an established fact, at least in the vessel preparations mentioned above.
Indirect evidence seems to indicate that the potentialoperated calcium channel is probably not the only pathway for extracellular calcium entering the smooth muscle cell during the myogenic response. It was reported that the increase of the intracellular Ca# + concentration in single isolated vascular smooth muscle cells in response to mechanical stretch was not blocked completely by calcium channel blockers [78] , which may point to the participation of a calcium influx through stretchactivated cation channels in the myogenic response. Furthermore, in rat skeletal muscle arteries, a blocker of potential-operated calcium channels inhibited the myogenic response considerably, but not completely, between 100 and 150 mmHg [72] . In conclusion, the small amount of data, and the lack of specific blockers for potential candidates of such pathways, do not allow the role of calcium influx pathways, other than the potentialoperated calcium channels, to be regarded as more than a hypothesis.
The increase of the intracellular calcium concentration during the myogenic response may activate MLC kinase, which phosphorylates the 20-kDa regulatory MLC, and thus leads to contraction. Indeed, the participation of a phosphorylation of the 20-kDa regulatory MLC in the myogenic response has been shown in rat cremaster arterioles, where an elevation of the transmural pressure increased the degree of phosphorylation of the 20-kDa regulatory MLC at 120 and 150 mmHg but not at 70 mmHg compared with 30 mmHg. Additionally, it was shown that after application of an MLC kinase inhibitor, the degree of phosphorylation of the 20-kDa regulatory MLC was reduced and an elevation of transmural pressure could no longer induce a myogenic response despite inducing a normal increase of the intracellular Ca# + concentration between 30 and 120 mmHg [27] . In conclusion, these data showing directly a change in phosphorylation of the 20-kDa regulatory MLC require confirmation.
The possibility that an increase of the calcium concentration is necessary for the myogenic response to develop is supported by the finding that in permeabilized rat cerebral arteries, where the intracellular calcium concentration was clamped, no myogenic responses were observed in the range 0 to 80 mmHg [29] . Interestingly, in hamster cheek pouch arterioles it was observed that, in comparison to small pressure steps, large pressure steps induced greater steady-state diameter responses but similar steady-state calcium levels [66] . Thus, the diameter response to a pressure change is not only related to the intracellular calcium concentration. This suggests the existence of calcium-independent mechanisms regu-lating the myogenic response, possibly by changing the calcium sensitivity of the contractile machinery [66] . Indeed, a high calcium sensitivity of the contractile machinery of rat mesenteric small arteries during the myogenic response was proposed on the basis of recent data [64] . These showed that small changes in intracellular calcium were accompanied by large changes in vessel tone in response to alterations of transmural pressure, but that large changes in intracellular calcium were accompanied by small changes in vessel tone in response to alterations of extracellular potassium [64] . Furthermore, in one study on myogenically non-active rat mesenteric arteries [63] , an increase of the intracellular calcium concentration after a pressure step from 40 to 100 mmHg was shown, although no myogenic response was observed. Thus, an increase in the intracellular calcium concentration may be a necessary but insufficient requirement for the myogenic response. This points again to the importance of other, calcium-independent, intracellular second messengers for the development of the myogenic response which might be involved in the alteration of the calcium sensitivity of the contractile machinery and which are discussed below.
In summary, it is well established that the myogenic response is accompanied by an increase of the intracellular Ca# + concentration, which is mediated largely by a calcium influx through potential-operated calcium channels producing a contractile response. The participation of other pathways for calcium influx and the role of an intracellular calcium release in the myogenic response are still under debate.
INTRACELLULAR SECOND MESSENGERS
Evidence has been accumulated demonstrating the possible participation of a variety of intracellular second messengers in the myogenic response.
Recently it was shown that several inhibitors of tyrosine kinase reduced the myogenic response, whereas a tyrosine phosphatase inhibitor augmented the myogenic response in rat cerebral arteries [79] . Confirmation of these data on other vessel types and measurements of tyrosine kinase activity during pressure changes are necessary to understand the general role, if any, of tyrosine kinases in the myogenic response.
Elevation of the transmural pressure in dog renal arteries has been shown to increase the intracellular concentration of inositol trisphosphate (IP $ ) between 60 and 120 mmHg and of diacylglycerol (DAG) between 0 and 60 mmHg as well as 60 and 120 mmHg [80] . The increase in the level of intracellular IP $ may be responsible for part of the pressure-induced increase of the intracellular Ca# + concentration by releasing calcium from intracellular stores. The increase in DAG, which is an activator of PKC, implicates the participation of PKC in the myogenic response. Although these data demonstrate a correlation between the pressure level and the concentration of IP $ and DAG, more studies are necessary to convert this hypothesis into an established fact.
First hints for the role of PKC in the myogenic response were obtained from rat femoral small arteries, where PKC inhibitors (which, however, were not completely specific) reduced the myogenic response to pressure changes between 40 and 100 mmHg [81] . In a subsequent study on the same arteries it was shown that, despite the reduction of the myogenic response induced by the PKC inhibitors used in the previous study, the pressure-evoked increase of the intracellular calcium concentration was not altered between 40 and 100 mmHg [63] . In addition, it was shown that the specific PKC inhibitor calphostin C reduced the myogenic response between 20 and 100 mmHg in human coronary small arteries [20] . In contrast, using the selective PKC blocker RO318425, no alteration of the myogenic response was observed in rat cerebral arteries between 30 and 70 mmHg [29] . Further, it was shown that phorbol esters, activators of PKC, at high concentrations produced only a constriction of the vessel, but did not facilitate the myogenic response in rat femoral [81] and rat mesenteric [63] arteries between 40 and 100 mmHg. However, phorbol esters at lower concentrations, which did not significantly alter the basal tone, were able to induce a myogenic response in rat mesenteric arteries between 40 and 100 mmHg [63] and in human coronary small arteries between 40 and 100 mmHg [20] , neither of which showed a myogenic response before this treatment. Indolactam, another PKC activator, also produced a vessel constriction in rat cerebral arteries without facilitating the myogenic response between 50 and 75 mmHg [23] . In conclusion, contradictory results were obtained in studies addressing the question of PKC involvement in the myogenic response, indicating that the role of PKC is not yet fully established. This may partly be explained by the use of not completely selective PKC activators and PKC inhibitors, and a measurement of PKC activity is clearly needed to produce less ambiguous results. However, it may also be that the contribution of PKC to the myogenic response is different in different vascular beds or in different animals.
The participation of phospholipase A # (PLA # ) in the myogenic response was suggested by experiments on dog renal arteries, where the myogenic response was reduced by inhibitors of PLA # between 80 and 160 mmHg [69] . This finding was interpreted as indicating that a fatty acid, for example arachidonic acid, may be the source for a factor involved in the myogenic response. However, the lack of data from other vessels as well as the lack of a measurement of PLA # activity means that this mechanism is still a hypothesis.
The role of products of the cytochrome P-450 metabolism of arachidonic acid in the myogenic response has The myogenic response The pathways are shown for the example of an increase in the transmural pressure. Symbols : framed text, established factor ; unframed text, hypothetical factor. Arrows show links : bold arrow, well-described link ; normal arrow, link which needs further confirmation ; dotted arrow, hypothetical link ; dotted arrow with question mark, unknown link. Abbreviations : AA, arachidonic acid ; CYT P-450, cytochrome P-450 ; K Ca , calcium-activated potassium channel ; MP, membrane potential ; SAC, stretchactivated cation channel ; Cl, chloride channel ; VOC, voltage-operated calcium channel ; TK, tyrosine kinase ; MLCK, myosin light chain kinase.
been suggested by an inhibition of the response between 80 and 160 mmHg after the application of four different inhibitors of cytochrome P-450 in dog renal arteries [69] . In addition, a reduction of the noradrenaline-facilitated myogenic response after the application of inhibitors of cytochrome P-450 was observed in rat mesenteric arteries, and it was shown that inhibitors of calciumactivated potassium channels produced a similar reduction of the myogenic response between 60 and 100 mmHg [82] . This finding suggested that metabolites of cytochrome P-450 and the calcium-activated potassium channel could be causally linked in the mechanism of the myogenic response. Furthermore, in the abovementioned dog renal arteries, which possess a myogenic response mediated by metabolites of cytochrome P-450, one of the main products of the arachidonic-acid-related cytochrome P-450 metabolism is probably 20-hydroxyeicosatetraenoic acid (HETE) [69] . The application of 20-HETE to these vessels produced a contraction and a membrane depolarization, and 20-HETE inhibited the calcium-activated potassium channel in isolated smooth muscle cells from this vessel [83] . This 20-HETE-induced inhibition of the calcium-activated potassium channel may be mediated by PKC activation [84] , which also seems to be involved in the myogenic response. Thus, a cytochrome P-450-induced release of 20-HETE, which produces an inhibition of the calcium-activated potassium channel, could be involved in the myogenic response by contributing to the membrane depolarization accompanying it. However, there are still some unanswered questions concerning this hypothesis. An inhibition of the myogenic response after blockade of calcium-activated potassium channels has yet to be demonstrated in dog renal arteries. In contrast, as discussed above, in rabbit cerebral arteries charybdotoxin elicited a small effect on vessel diameter and membrane potential at 10 mmHg and a large effect at 75 mmHg [52] , i.e. enhanced the myogenic response. In rat tail small arteries blockade of calcium-activated potassium channels did not alter the myogenic response between 80 and 120 mmHg [77] . Furthermore, there is no direct evidence demonstrating an increase of 20-HETE production after an elevation of transmural pressure. Therefore, although the idea of an involvement of P-450 metabolites in the myogenic response has been addressed in several studies, some important pieces of evidence are still lacking. This, together with the fact that these data were obtained from a small number of different vessels, leaves this interesting concept still at the level of a hypothesis.
In summary, the participation of a variety of intracellular second messenger systems in the myogenic response has been suggested. However, due to either a limited amount of data, or the lack of a direct demonstration of a pressure-induced alteration of the activity of these mechanisms, their role in the myogenic response is still under debate. Figure 4 provides an overview of the second messenger systems assumed to play a role in the myogenic response.
THE MYOGENIC RESPONSE -IMPLICATIONS FOR ITS ROLE IN THE INTACT CIRCULATION
A clear understanding of the in vitro behaviour of a vessel is the basis for the assessment of the role of the myogenic response in vivo. However, in vivo, small arteries and arterioles are not only under the influence of transmural pressure, which produces the myogenic response, but are also exposed to, for example, the pulsatility of the blood pressure, neurotransmitter and endothelial influences, conducted signals from neighbouring vessel segments and local factors like the PO # . Consequently, the influence of these factors on the myogenic response must be known.
First, small arteries and arterioles in vivo are not under the influence of a static transmural pressure, but of a pulsatile pressure. Recently, it was found [85] that the application of pulsatile pressure with a pulse amplitude greater than 40 mmHg produced an endothelium-independent dilation of pig coronary arterioles in comparison to a static pressure with the same amplitude as the mean pulsatile pressure. Nevertheless, during the application of a pulsatile pressure a myogenic response was observed in these vessels. However, the effect of a step change in pulsatile pressure on the strength of the myogenic response compared with a step change in static pressure has still to be determined.
Second, transmitters released from nerve endings located in the adventitia of small arteries and arterioles are powerful modulators of vascular contractility in vivo, especially adrenergic transmitters like noradrenaline. Concerning the myogenic response in vitro, it was observed that phenylephrine, an α " -adrenergic agonist, produced an augmentation of the myogenic response in rat femoral arteries [81] and in rat mesenteric arteries [76] . The degree of augmentation by α-adrenergic agonists was shown to depend on the type of α-receptor involved [86] . However, the non-selective α-adrenoceptor agonist noradrenaline did not change the myogenic response in dog renal arteries [38] . Furthermore, under in vivo conditions a myogenic response could be induced by noradrenaline [87] or by specific α " -or α # -receptor agonists [88] , but not by KCl [87] , in rat cremaster arteries. Thus, neural influences, especially from adrenergic nerves, probably modulate the myogenic response by increasing the strength of the myogenic response.
Third, the endothelium releases a variety of different factors induced by, for example, the influence of bloodflow-dependent shear stress on the endothelial cells, which are known to modulate vascular contractile responses in vivo. Thus, in in vitro experiments a luminal flow produced not only the well-known vessel dilation, but also led to a reduction in the strength of the myogenic response in porcine subepicardial arterioles [89] , porcine terminal mesenteric arteries of young animals [73] , rat cremaster arterioles [90] and rabbit renal afferent arterioles [91] . Apparently, there is a competitive interaction between the effect of transmural pressure and of blood flow on vessel diameter regulation, which makes interpretations of in vivo experiments more complicated. At present, it is not established which of the known endothelium-derived factors, i.e. metabolites of the cyclo-oxygenase, nitric oxide synthase or cytochrome P-450 pathways, are responsible for the blood-flowinduced reduction of the strength of the myogenic response in small arteries and arterioles. Thus, factors released from the endothelium modulate the myogenic response by decreasing its strength.
Fourth, it has been observed that contractile responses of blood vessels in vivo can be induced by signals conducted from neighbouring vessel segments. Concerning the myogenic response, it was shown that a pressure change in an isolated vessel segment caused a myogenic response in a remote segment, which was insulated from the pressure changes as well as flow changes [92] . These findings have been interpreted to show an electrotonic conduction between cells along the vessel wall. However, further experiments, especially those measuring the membrane potential response in the remote segment, are necessary to confirm these findings. Thus, conducted signals from neighbouring vessel segments are proposed to modulate the myogenic response and may serve to integrate the responses of single vessel segments from a network into a co-ordinated reaction of this network to different stimuli.
Fifth, the contractility of small arteries and arterioles in vivo is influenced by a variety of local factors, producing the metabolic control of vessel responses. An important factor regulating local blood flow is the PO # . A decrease in PO # to hypoxic levels produced vessel dilation but no alteration of the myogenic response was observed in rat skeletal muscle small arteries [72] . In contrast, in cat cerebral arteries a decrease in PO # reduced the membrane depolarization accompanying the myogenic response [93] , and in afferent arterioles in the intact vascular bed of an in-vitro kidney preparation, hypoxia inhibited the myogenic response almost completely [94] . It is still unclear whether the reason for this difference is the use of the in vitro isolated vessel versus the intact vascular bed preparation or the different vessel locations. Another closely related factor is the PCO # , which induced more complex effects. Thus, a moderate elevation of PCO # resulted in an increase, and a severe elevation of PCO # produced a decrease, of the strength of the myogenic response in rat diaphragmatic arterioles, although this was not related to the accompanying changes in pH [95] . Thus, only a few studies report on the interaction of local factors with the myogenic response. These factors seem to be able to modulate the myogenic response, but the lack of a sufficient amount of data prevents a conclusion about the direction of this modulation.
In conclusion, it seems to be established that transmitters released from nerve endings and factors released from the endothelium are important modulators of the myogenic response in vivo. Additionally, it has been suggested that the pulsatility of the blood pressure, remote signals from neighbouring vessel segments as well as different metabolites may affect the myogenic response in vivo. However, due to the lack of a sufficient amount of experimental data the role of these factors remains hypothetical. Despite the poor understanding of the mechanisms regulating the myogenic response in vivo, data obtained from a large series of investigations (reviewed in [1] [2] [3] [4] ) indicate that the myogenic response contributes significantly to in vivo autoregulation in a variety of vascular beds.
Alterations of the myogenic response have also been observed during changes in the state of the organism including pregnancy [9] , ischaemia and reperfusion [10] , diabetes [11] and hypertension (see below). However, much of the data are contradictory, making it difficult to draw conclusions. For example, in hypertension increases in the myogenic response in cremaster arterioles [96] [97] [98] and middle cerebral arteries [40] of spontaneously hypertensive rats and in human coronary small arteries from hypertensive patients [20] have been demonstrated. In contrast to these findings, an attenuation of the myogenic response has been found in posterior cerebral arteries from spontaneously hypertensive [33] and stroke-prone spontaneously hypertensive rats [99] . The reason for these contradictory results is not clear, but may be explained by the heterogeneous properties of arteries from different vascular beds [100] . In this regard, the conclusion from a recent review should be kept in mind : that results obtained from one vessel segment in vitro cannot give a complete understanding of the reaction of the whole arterial circulation [101] . In addition, an evaluation of these findings is complicated due to the uncertainty about the myogenic response under physiological conditions. Thus, further experiments are necessary to understand the role of alterations of the myogenic response during changes in the state of the organism.
CONCLUSION
The myogenic response, characterized by a decrease in vessel diameter after an increase of transmural pressure, and by an increase in vessel diameter after a decrease of transmural pressure, has been suggested to contribute significantly to autoregulation in several vascular beds. The myogenic response has been found in a wide variety of small arteries and arterioles from different vascular beds and vessel wall tension has been identified as the stimulus for the myogenic response. It may be considered an established fact that the myogenic response depends mainly on the reaction of the smooth muscle cells in the vessel wall of small arteries and arterioles, and not on either the nerves or the endothelium. Further, it appears to be established that it is accompanied by a membrane depolarization and an increase of the intracellular Ca# + concentration, which depends largely on an influx of extracellular calcium via voltage-operated calcium channels, and, under in vitro conditions, that it can be modulated by transmitters, like noradrenaline, and factors released from the endothelium. Furthermore, many studies have provided data for other mechanisms and modulators of the myogenic response which are still hypothetical, such as the mechanism of the depolarization, its importance for the development of the myogenic response, the participation of pathways other than voltage-dependent calcium channels for calcium influx, the role of an intracellular calcium release, the participation of a variety of intracellular second messenger systems, i.e. IP $ , DAG, PLA # , PKC or 20-HETE, and the role of the pulsatility of the blood pressure, of remote signals from neighbouring vessel segments as well as of different metabolites.
